Maintaining the surface shape of precision structures such as spacecraft antenna reflectors has been a challenging task. Surface errors are often introduced by thermal distortions due to temperature differences. This paper presents numerical and experimental results of active compensation of thermal deformation of a composite beam using piezoelectric ceramic actuators. To generate thermal distortion of the composite beam, two film heaters are bonded to only one side of the beam using thermally conductive materials. To correct thermal deformation caused by the film heaters, PZT (lead zirconate titanate), a type of a piezoelectric ceramic material, is used in the form of patches as actuators. These PZT patches are bonded on the other side of the beam. First, finite-element analyses are conducted with consideration of the coupled effects of structural, electric and thermal fields on the composite beam. These analyses include static coupled field modeling of the beam deformation with PZT actuation, transient modeling of the beam under thermal loading, and static coupled field modeling of the composite beam with thermal distortion and simultaneous PZT actuation to correct this distortion. Then, experiments are conducted to study the thermal effect, the PZT actuation effect and active thermal distortion compensation using PZT actuators with a proportional, integral and derivative feedback controller. Finite-element modeling and experimental results agree well and demonstrate that the proposed method can actively perform structural shape control in the presence of thermal distortion.
Introduction
Shape control of precision structures such as aerospace antennas is receiving increasing attention.
With the development of smart materials and structures, this technology has been used for shape control of structures and research in this area has been active. For example, shape memory alloy (SMA) wires and piezoelectric actuators can be bonded onto a structure to provide an active force to control the shape of the structure. Bruch et al [1] studied optimal piezoactuator locations/lengths and applied voltage for shape control of beams. Oh et al [2] studied active shape control of a double-plate structure using piezoceramics and SMA wires, and Achuthan et al [3] dealt with shape control of coupled nonlinear piezoelectric beams.
In the field of shape control, thermal deformation compensation is receiving a great deal of attention. The coupled effect of elastic, electric and thermal fields makes the analysis of thermal deformation compensation more complex. Many coupled thermal-piezoelectric-mechanical models have been developed.
Bao et al [4] investigated nonlinear static deflections, dynamic characteristics, temperature effects and control characteristics of a simply supported piezothermoelastic laminated beam with a large initial nonlinear static deflection. Shen and Kuang [5] extended Reddy's third-order shear deformation theory to encompass piezothermoelastic laminated plates. Gu et al [6] developed a higher-order temperature field theory to accurately model the temperature distribution in laminated structures, and Ashida and Tauchert [7] proposed a general solution procedure for plane-stress problems of circular plates constructed from piezothermoelastic material. Though both theoretical and numerical research in this area has been reported, experimental testing and verification are rarely reported.
In this paper, lead zirconate titanate (PZT) patches are used as actuators to compensate for the thermal deformation of a composite beam undergoing thermal loading. Both finiteelement analyses and experiments are performed. Finiteelement analyses are carried out using the commercial finiteelement code ANSYS. First, static piezoelectric analysis is developed for the coupling of structural and electric fields. Then, transient thermal analysis is performed to see how the thermal field is going to change the shape of the composite beam, and this analysis includes the coupling of thermal and structural fields. Also, static coupled-field analysis is performed for the composite beam with both the thermal loading introduced by the film heaters and the piezoelectric actuation. In this analysis, the model includes structural, electric and thermal fields. In the experiments, to generate thermal distortion of the composite beam, two film heaters are surface-bonded to one side of the beam using thermally conductive materials. Four PZT patches are surface-bonded on the other side of the beam. First, experiments are conducted to study the PZT actuation effect and the thermal effect. Then, active compensation for thermal deformation using PZT actuators is conducted with a proportional, integral and derivative (PID) feedback controller. The numerical and experimental results agree well and demonstrate that the proposed method can actively perform structural shape control in the presence of thermal distortion.
Piezoelectric constitutive relations
Generally, in the Cartesian coordinate system the initial polarization direction of the piezoelectric materials is chosen to be the 3-axis or Z -axis. It is assumed that the piezoelectric material is orthotropic and that it is isotropic in the plane perpendicular to the piezopolarization. The actuation strain of piezoelectric material can be modeled like thermal strain [8] . Based on the assumption that the total strain in the actuator is the sum of mechanical strain, thermal strain and controllable actuation strain due to the electric voltage, the coupled constitutive relation for a piezoelectric actuator can be written as: In our case, the PZT patches are bonded on the opposite side of the beam to the heaters. Therefore, we may consider T to be approximately zero. Similarly, the coupled constitutive relation for a piezoelectric sensor is written as
T where D denotes the electric displacement (C m −2 or C in −2 ) and e is the permittivity (F m −1 or F in −1 ) of the piezoelectric material; g denotes thermal-piezoelectric coupling constants
Finite-element simulation

The composite beam with embedded PZT patches and film heaters
The composite beam considered here is made of Epoxy/7781 glass fiber. Its properties are shown in table 1. Four piezoelectric patches are surface-bonded on one side of the beam and two film heaters on the other side. Figure 1 shows the front view and side view of the composite beam with 
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embedded piezoelectric patches and film heaters. One of the four piezoelectric patches (the one near the base of the composite beam) is PZT-5A and the other three are PZT-5H. PZT is the most commonly used type of piezoceramic. In addition, PZT acts as a capacitive load and requires very little power in static operation. Properties of the piezoelectric patches and film heaters are given in tables 2 and 3 respectively. As stated before, the poling direction of the PZT patches is in the 3-direction. Finite-element analyses are performed using the commercial software ANSYS. Since 3D eight-node coupled-field element solid5 has a thermal, piezoelectric and structural field capability, and can have nonlinear piezoelectric properties, the complete system is modeled with element solid5. The 1-, 2-and 3-directions coincide with x-, y-and z-directions respectively. Figure 2 gives the front view of the total mesh of the complete system. There are 6942 nodes and 3196 elements. In this finite-element model, the piezoelectric patches and the composite beam are assumed to be bonded together perfectly. The displacement boundary condition is to fix all the nodes on the base, where x = 0. Even though for most elements the dimension in the z-direction is much smaller than the other two, this should be no problem. In fact, because the 2-direction is not important, we may consider the width of the beam to be of the same dimension as its thickness. In this way, we can refine the model and have elements of more reasonable dimensions. The results of the refined model turn out to be the same as the results obtained from the one that we are showing here.
Static piezoelectric analysis for the coupling of structural and electric fields
First, PZT actuation analysis is performed for the composite beam with four PZT actuators. As stated before, element solid5 in ANSYS has a three-dimensional thermal, piezoelectric and structural field capability. Figure 3 shows the displacement in the 3-direction of the composite beam when 120 V is applied on the PZT actuators. It should be noted that the graph plotted in ANSYS is in units of meters. Table 4 gives the relationship between the tip displacement of the beam and the applied voltage on the embedded PZT actuators. Generally, the tip displacement of the composite beam is proportional to the voltage applied on the actuators. We can see that a voltage of 120 V can produce a tip displacement of about 5 mm on the composite beam. Obviously, it can produce more displacement for an aluminum beam.
Transient thermal analysis for the coupling of thermal and structural fields
The transient thermal analysis conducted here includes the coupling of thermal and structural fields. To match the experimental condition, we assume that a voltage of 42 V is applied to the film heaters for 50 s and the electric resistance of each film heater is 320 for numerical analyses. that the convection coefficient to air is 11.36 (W m −2 K −1 ). In fact, at room temperature, for low rates of convection, radiation may contribute up to 50% of the total heat transfer. Here, for simplicity, radiation is not considered. Figure 4 shows the temperature history on both sides of the beam. The fact that the temperature on both sides increases so fast may be due to the assumption that the film heaters and the beam are perfectly bonded without considering the thermal resistance between them. This thermal resistance may be significant. Another reason may be that radiation is ignored. Figure 5 shows the tip displacement history of the beam.
Static coupled-field analysis including the coupled effect of structural, electric and thermal fields
Finite-element analysis is also performed to study the compensation effect of the PZT patches for the deformation introduced by thermal loading on the composite beam. This static analysis includes structural, electric and thermal fields.
To consider a more general case, we fix the temperature of one side of the composite beam at 45
• C and the other side at 30
• C (PZT patches are bonded on this side). The reference temperature is still 26
• C. We assume that four PZT patches are embedded on the same composite beam at the same location. First, the static beam deformation is analyzed when only the thermal loading is applied. The displacement in the 3-directon along the length of the beam is shown in figure 6 . It can be seen that the tip displacement of the beam is about 11.07 mm under thermal loading. Then a voltage of 150 V is applied on the PZT actuators to compensate for the thermal deformation of the composite beam. Figure 7 shows the beam displacement under both the thermal loading and the PZT actuation. Figure 8 shows a comparison of the beam displacement under thermal loading with and without compensation, which demonstrates the compensation effect very clearly. In addition, from the displacement curve of the beam with compensation, it can be seen that the part of the beam close to the base has less displacement, which is due to the fact that the PZT patches are bonded close to the base. Of course, if we want to keep the whole beam roughly straight, we may increase the applied voltage or patch more PZT actuators on the beam.
Experimental set-up
Experiments are conducted to study the PZT actuation effect, thermal effect and active compensation of thermal deformation using PZT actuators. In order to generate thermal distortion to the composite beam in the experiments, two film heaters are surface-bonded to only one side of the composite beam using thermally conductive materials. Four PZT patches are bonded on the other side of the beam as stated in section 3. Two thermocouples are used to measure the temperature. One is on the surface of the film heaters and the other is on the surface of the beam on the opposite side to the heaters. Figure 9 depicts the actual experimental set-up and figure 10 illustrates the operating block diagram of the same system. The cantilevered composite beam is highly under-damped. For its dominant first mode at 2.6 Hz, its damping ratio is 0.010. One of the concerns in active shape control using PZT actuators is to avoid excitation of this flexible beam. A laser range sensor is employed to detect the tip displacement of the beam.
PZT actuation
First, experiments are conducted to study the PZT actuation effect. Voltages are applied to the four PZT patches through four power amplifiers. The tip displacement of the beam is measured by the laser range sensor. When the voltage is applied in or opposite to the poling direction, the beam is going to bend in or out, as illustrated in figure 11 . Experiments are performed to bend the beam in both directions.
The actuating voltage in the experiments varies from 0 to 120 V in increments of 20 V. Figure 12 shows the experimental results in comparison with the numerical results. Two more sets of experiments are conducted to reveal the effect of hysteresis of the beam with PZT actuators. The applied voltage varies from 0 to 120 V and then from 120 to 0 V. Figure 13 clearly shows the hysteresis phenomenon that was not modeled with the finite-element method. Another nonlinearity observed is that the beam does not behave the same in both bending directions.
Thermal effect
Open-loop experiments are conducted to study the thermal effects generated by the film heaters on the composite beam. First, a voltage of 42 V is applied to the heaters for 50 s, starting at 6 s. Figure 14 shows the temperature history measured by the thermocouples. It can be seen that the temperature on the side of the heaters increases more quickly than that on the opposite side. It reaches its peak at 56 s when the power for the heaters is removed. From 6 s to 56 s the temperature difference between the two thermocouples increases up to 11
• C. Figure 15 shows the tip displacement of the beam measured by the laser sensor. At first, the tip moves very quickly, which is due to rapid changing of the temperature difference. Then it moves slowly and comes backward when the power applied on the film heaters is removed at 56 s. At 90 s the tip of the beam does not reach its equilibrium position due to the fact that a temperature difference (about 3
• C) still exists. For the second thermal actuation test, a voltage of 50 V is applied to the heaters for 50 s, also starting from 6 s. Similarly, figure 16 depicts the temperature curve measured by the thermocouples and figure 17 is the tip displacement of the beam measured by the laser sensor. During this experiment, the beam performs in the same way as in the previous one.
Active shape control
In this active shape control experiment, the PZT actuators under feedback control are used to actively compensate the thermal distortion caused by the temperature difference on the beam. A PID feedback controller is used to control the PZT actuators. The block diagram of the feedback controller is shown in figure 18 . In this experiment, a voltage of 42 V is applied to the two film heaters for a period of 50 s, starting from 6 s. The temperatures measured by the thermocouples are shown in figure 19 , which is almost the same as figure 14, as expected. Only three PZT 5H actuators are activated, and figure 20 shows the actuating voltage applied to the PZT patches. For the PID controller, P gain = 0.06, D gain = 0.025 and I gain = 0.01. Though no active vibration control using a PZT actuator is in place, an effort has been made to limit any rapid change in control voltage applied to the PZT actuators. This effort includes employing two low-pass filters, one used to process the laser range sensor output and the other to process the PID control output. The side-effect of these low-pass filters is a slow response of the closed-loop system.
As the thermal loading is added to the beam at 6 s, deformation of the beam is initially observed as in figure 21-up to 0.52 mm in terms of the tip displacement. This deformation is caused by the slow response of the PZT actuation closed-loop system to avoid causing excessive vibration. Compared with the displacement in the open-loop experiment, which is also shown in figure 21, this deformation is much smaller. Starting from 12 s, the beam bends towards its desired position under control from the PZT actuators. Since the beam is highly under-damped, minor oscillations are seen from 18 to 28 s while the beam converges to its desired position. From 28 to 56 s the beam reaches its final position with an error of 0.02 mm in the tip displacement. During this period, the closed-loop system experiences no vibrations. This clearly demonstrates the effectiveness of the method of using PZT actuators for active compensation of thermal distortion to the beam. With the removal of the power to the film heaters at 56 s, an initial error of 0.58 mm is observed. Once again, this error is due to the slow response of the closed-loop system. At 85 s a steady-state position is reached with an error of 0.01 mm. Again, the effectiveness of the shape control method is demonstrated.
Conclusions
In this paper, PZT patches are used as actuators to compensate for the thermal deformation of a composite beam undergoing thermal loading. Both finite-element analyses and experiments are performed. First, static piezoelectric analysis is developed for the coupling of structural and electric fields. Then, transient thermal analysis is performed to see how the thermal field is going to change the shape of the composite beam, and this analysis includes the coupling of thermal and structural fields. Also, static coupled-field analysis is performed for the composite beam with both the thermal loading introduced by the film heaters and the piezoelectric actuation. In this analysis, the model includes structural, electric and thermal fields. In the experiments, to generate thermal distortion to the composite beam, two film heaters are bonded to only one side of the beam using thermally conductive materials.To correct thermal deformation caused by the film heaters, PZT patches are used as actuators. First, experiments are conducted to study the PZT actuation effect and the thermal effect. Then, active compensation of thermal deformation using PZT actuators is conducted with a PID feedback controller. The numerical results and experimental results agree well and demonstrate that the proposed method can actively perform structural shape control in the presence of thermal distortion.
